J., AND JACQUELYN T. MOURNING When hypoxic, the rate of lactate production doubled, but only 60% was found to be derived from [U-14C]glucose.
When the perfused lung was exposed to aerobic conditions following hypoxia, it was found that lactate production did not decrease. However, lactate production from [U-14C]glucose did increase. It is concluded that lung tissue possesses a high rate of lactate production under aerobic conditions from glucose in comparison to glucose oxidation to CO,. When the lung is hypoxic, lactate production increases as a probable result of amino acid catabolism with little anaerobic energy production occurring. The effect of hypoxia was not reversed within the duration of the performed experiments.
aerobic, hypoxic, [U-14C]glucose AS KNOWLEDGE
OF lung metabolism has increased it has become apparent that the lung produces lactate from glucose in significant amounts as measured in a variety of lung tissue preparations from several species (3, 4, 8, 9, 12, 14, (16) (17) (18) . While the status of oxygen availability to the tissue may be questioned in several of these studies, it is qualitatively apparent in all that the lung is capable of net lactate production under the conditions imposed. Such findings may be of importance since evidence has been presented which indicates that the lung is capable of maintaining functional and structural homeostasis during rather prolonged periods of hypoxia (2, 13). On the other hand, data have been presented (1) to support the hypothesis that while the lung does not consume large quantities of oxygen, aerobic metabolism is necessary in lung to maintain energy stores.
The need to further define the ability of lung to produce lactate under physiological aerobic conditions and to determine the ability of lung to switch to increased lactate production under hypoxic conditions for energy production prompted the present study. In this study both total lactate production and lactate produced from [U-14C]glucose in the isolated perfused rat lung have been determined under aerobic and hypoxic conditions.
METHODS
Adult male Wistar strain rats [Hilltop Lab Animals, Inc., Scottdale, Pa. (180-250 g)] were used. They were fed commercial laboratory chow ad libitum. [U-14C]glucose was purchased from New England Nuclear Corp., Boston, Mass. Preparation of the lungs for perfusion, perfusate preparation, and general procedures of the perfusion technique have been previously reported (5). Due to the nature of the present studies, certain specific modifications have been made. In order to assure the absence of lactate metabolism due to possible contamination, all perfusion apparatus was sterilized and 5 mg/lOO ml disodium carbenicillin (Pfizer, New York City) was added to the perfusion medium. At the end of each perfusion, a sample of medium was tak,en for incubation overnight on agar plates. No bacterial contamination was detected in any of the reported experiments. Experiments in which lung edema was observed to develop during perfusion, as based on increased wet weight-toprotein ratio, are also not included. In order to assure a complete and rapid switch between aerobic and hypoxic conditions in those experiments investigating the effects of such a change, two completely separate perfusion units were placed in one perfusion cabinet. In one unit the medium was gassed with 90% O,-10% CO, and the other, 90% N,-10% CO,. Two small animal respirators were connected, respectively, to 90% O,-10% CO, and 90% N,-10% CO, gas supplies. In all experiments, during removal of the lung from the animal and during an initial 10 min nonrecirculated preperfusion (to remove erythrocytes), lungs were ventilated with oxygencontaining gas and perfused with oxygenated medium. To facilitate changes between aerobic and hypoxic conditions, small valves were arranged to switch perfusion medium to the rat lung instantaneously. At the same time the gas ventilating the lung was also changed. [U-14C]glucose was added to the perfusion reservoir following the lo-min preperfusion. A 5-min mixing period was determined to be adequate for equilibration with the circulating nonradioactive glucose already present in the medium. Zero time of the perfusions began at the end of the 5-min period. At the time of isotope addition the medium volume was adjusted accurately to 100 ml and the volume of each media sample withdrawn recorded. Oxygen content and pH of the perfusion medium were monitored. Oxygen content was greater than 600 mmHg in the oxygenated media and less than 6 mmHg in the nitrogenated media. The pH of the perfusion medium ranged from 7.31 to 7.39 in all experiments.
During perfusion, media samples were taken at selected time intervals for glucose and lactate quantitation and specific activity determination. The time intervals selected were such that linearity of lactate production could be assessed over the entire perfusion period. For example, in a ZO-min perfusion period under hy-poxic conditions samples were taken at 0, 10, and 20 min of the period, while in a 60.min perfusion period under aerobic conditions, samples were taken at 0, 30, and 60 min. Glucose was determined by assay with glucose oxidase (7) and lactic acid by the method (method I, spectrophotometric)
of Lowry and Passonneau (10). Due to the ease of lactate contamination (see ref. lo), duplicate assays were run on all samples. Glucose and lactate specific activities were determined after separation by Dowex 1X4-100 anion exchange column chromatography of the deproteinized medium. The resin was washed with 1 N HCl and 2.0 ml of resin placed in a 0.5.cm column. The column was washed with distilled water until the pH of the washing was neutral. Glucose was eluted with 40 ml of water in lo-ml fractions. All glucose was present in tubes 1 and 2. Lactate was then eluted with 0.02 N HCl and Z-ml fractions collected. Lactic acid was present in maximum concentration in tube 6. Using this system pyruvate is eluted after tube 15. All counting of radioactivity was performed by scintillation methods using the channels ratio method of determining counting efficiency.
Calculation of the amount of lactate produced from [UJ4C]glucose was determined from the total lactate pool at each time interval and the lactate and glucose specific activities.
The data are reported in terms of dry weight of lung for ease of comparison with data reported by other investigators.
The dry weights reported are calculated from lung protein measurements determined by the method of Lowry et al. (11). For quantitation of the protein as determination, a standard curve was prepared using rat lung protein as determined by the Biuret method (6). It was experimentally determined that P g dry wt of rat lung contained 645 mg protein. Also reported in Table 1 is lactate production under two alternate conditions.
In one series of aerobic perfusions, glucose was omitted from the medium and lactate was initially present at 0.5 mM. Under those conditions net lactate production was still observed at a rate of 14.5 pmol/g dry wt per h or at a rate 27% that when glucose was present. The second alternate condition imposed was that of hypoxia. The lungs were exposed to a medium gassed with 90% N,-10% CO, and containing initially 0.2 mM lactate and 5.6 mM [UJ4C]glucose. The rate of lactate production calculated on an hour basis was 109 pmol/g dry wt per h with an average of 57% of RESULTS the lactate produced derived from [UJ4C]glucose.
As a result of these observations, it was of interest to Of the studies previously reported using isolated perdetermine whether the increased rate of lactate producfused lung tissue none have investigated the ability of tion under hypoxic conditions would return to the lower lung tissue to produce lactate against an extracellular rate upon aerobic perfusion and to determine the contrilactate concentration approximating its physiological bution of glucose to lactate production under these conlevel. In one study (16) lung slices had been shown to ditions. In the first series of experiments the conversion produce lactate when incubated in media containing 1 of [U-14C]glucose to lactate and the rate of lactate promM lactate. In order to establish that the lung could duction were measured in lungs perfused for 30 min synthesize and deliver to the extracellular space lactate with oxygenated medium. Following that 30.min pein excess of existing extracellular concentrations, a seriod, perfusion was continued with medium gassed with ries of experiments was performed in which the concen-90% N,-10% CO, for 20 min. A final 45-min perfusion tration of lactate in the perfusion medium was varied was then carried out with oxygenated medium. As in all initially from 0 to 1.0 mM, with glucose present at 5.6 experiments the lungs were ventilated with the same mM and given under aerobic conditions.
The results of these experiments are presented in Table 1 . No signifi-' gas mixture as was used to gas the media (see METH-ODS).
cant change in lactate production could be detected as a The results (Table 2) show that lactate production function of medium lactate concentration, with all rates increased from 61 to 128 pmol/g dry wt per h and then in the range of 52-54 pmol lactate produced per gram dry weight per hour.
Not presented in Table 1 are two important facts relating to this data. First, the rate of lactate production was essentially linear over the 90.min perfusion period. In all of these experiments media was sampled at 10,20, 40, 60, and 90 min and the rate of production was linear for the 90.min period. Also, in each experiment [U-14C]glucose conversion to lactate was determined at each time interval (see METHODS) and, with the" excepduring the hypoxic period (31% derived from glucose) and did not decrease significantly during the following showed no decrease on respective exposure to oxygenated, nitrogenated, and oxygenated medium. In each of the three cases, the percentage of lactate produced from [U-14C]glucose was 66, 42, and 83%, respectively. In a second series of perfusions, the lungs were first exposed to the nitrogenated media for 20 min followed by exposure to oxygenated media for 60 min. Again lactate production was elevated to 116 pmol/g dry wt per h tion from glucose is nearly twice that observed under continued aerobic conditions. The reason for this increased aerobic conversion of glucose to lactate following 'hypoxia is not clear. However, if one asumes that during the hypoxic period, the significant increase in lactate production from other than glucose represents amino acid catabolism, it may be reasoned that the lung has undergone tissue damage and continues to catabolize amino acids and lipids aerobically.
The products of these catabolic processes may compete with pyruvate derived from glucose for mitochondrial oxidation thus causing a temporary increase in glucose conversion to lactate. Under aerobic conditions and assuming no massive irreversible damage to the tissue, cytoplasmic NADH should again be shuttled into the mitochondria and lactate production would eventually be expected to decrease. 60-min period of aerobic perfusion (79% derived from [U-14C]glucose).
DISCUSSION
The results of these studies indicate that the isolated perfused rat lung produces lactate under aerobic as well as hypoxic conditions even in the presence of as great as Thus even under aerobic conditions, between 3 and 10 times more glucose taken up by the lung is converted to lactate than to CO,.
Several conclusions may at least be tentatively drawn from these studies. It is apparent that glucose conversion to lactate under aerobic conditions is significant when compared to glucose oxidized to CO,. Under hypoxic conditions lactate production increases, which may provide little if any increase in anaerobic energy production.
This would be the case if the source of the increased lactate production is not glucose but rather substrates and NADH supplied by catabolic processes presumably indicating tissue destruction. Exposure of the hypoxic tissue to oxygen for a maximum of 60 min as in these studies did not decrease lactate production, but rather diverted glucose metabolism to lactate, perhaps with other substrates being oxidatively metabolized. This series of events is in agreement with the finding of Bassett et al. (1) in which it is found that under hypoxic conditions, ATP levels drop 17% in 90 min of lung perfusion and is reflected by a decrease in glucose incorporation into lung lipids. The lung does not appear capable of maintaining its energy stores by anaerobic glycolysis. This may be due, at least in part, to the preexisting large percentage of glucose already converted to lactate under-aerobic conditions. Whether or not the catabolic processes seemingly occurrring under hypoxic conditions are eventually reversed when oxygen is again available cannot be ascertained in the present studies because of the relatively short perfusion time.
hypoxic states. Furthermore, return of the lung to aerobic conditions for as long as 60 min did not decrease the glucose is observed. The actual rate of lactate produc-
